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Abstract 

The  advent  of  satellite  time  and  frequency 
comparison  techniques  has  provided  the  opportunity 
for  measuring  the  time  and  frequency  difference 
between  remote  clocks  with  greatly  improved  accura- 
cies. The paper  will  give a brief  review  of  various 
remote  clock  comparison  techniques;  in  particular  the 
Global  Positioning  System  (GPS)  will  be  highlighted. 

The  advent of GPS provides  the  opportunity  for 
the  first  time  for  cost  effective,  high  accuracy, 
operational  (automatic),  international  time  and 
frequency  comparisons.  It  has  been  demonstrated  that 
where  the  ephemerides  of  the  satellites  are  known  to 
within  several  meters,  this  translates  to  an  error  of 
only a  few  nanoseconds in measuring  the  time  differ- 
ence  between  remote  clocks  on  the  surface  of  the 
earth  as  long  as  the  remote  clocks  receive  the GPS 
time  signal  simultaneously. The time  difference 
between  the  two  remote  clocks  is  obtained  simply  by 
subtracting  the  two  readings  taken  at  each  site 
resulting  from  the  common-view  measurement  minus  a 
differential  delay  constant,  which  can  either  be 
calculated or measured at the  outset.  Other  common- 
mode  errors  either  cancel  or  are  reduced  using  this 
simultaneous  viewing  approach;  e.g.,  the  GPS  clock 
error,  the  ionosphere,  etc.  Because  of  the  high 
inclination  to  the  ecliptic  of  the GPS satellite 
orbits,  simultaneous  common-view  is  possible  between 
essentially  all  principal  sites in the  Northern 
hemisphere,  and  principal  sites in the  Southern 
hemisphere  have  common-view  with  key  timing  centers 
in the  North. 

Some  of  the  other  techniques  which  will  be 
reviewed  and  discussed  will  be  the  "two-way"  satel- 
lite  technique, LASSO, STIFT,  the  meteorological 
satellite  system  including GOES, and some  other 
relevant  techniques. The  current  status of  these 
techniques  will  be  discussed  along  with  their  func- 
tionality  and  essential  characteristics.  Some 
projections  as  to  what  the  future  holds  will  also  be 
discussed. 

_ _ _ _ _ -  

With  the  advent  of  atomic  clocks  we  have  seen  a 
rapid  improvement in the  accuracy  capabilities 
within  the  time  and  frequency  community.  Figure 1 is 
a plot  of  the  accuracy  of  the  primary  standards  at 
the  National  Bureau  of  Standards  indicated  by  the 
circles. We  are  currently  using  NBS-6  with  an 
accuracy o f  8 x 10 14. We anticipate  with  optical 
state  selection in cesium  to  obtain  accuracies  of a 
part in 1014. The  physics is essentially  completed 
for a standard  featuring  laser  cooling  of  mercury 
ions  stored in an  electromagnetic  ion  trap,  which 
hopes  to yield,  within  this  decade,  an  accuracy  of  a 
part in The  sloping  line  drawn  to  fit  the 
circles  indicates  one  decade  improvement  every  seven 
years. 
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Figure 1. A plot  of  the  accuracies o f  NBS  primary 

frequency  standards  compared  with  some 
methods  of  comparing  frequencies 
nationally  and  internationally. 

Comparing  standards  between  one  laboratory  and 
another  at  these  accuracy  levels  is a significant 
metrology  challenge.  The  comparison  methods  have 
usually  been  much  less  accurate  than  the  primary 
standardrand  less  stable  than  their  associated  time 
scales.  It has  only  been  of  recent  time  with  the 
advent  of  sate1 1 ite  techniques  that  one  is  able  to 
compare  with  accuracies  that  are  comparable to, and 
even  better  than,  the  current  accuracies of  primary 
standards. 

Since 1969 the  international  method  of  comparing 
time  has  been  the  Loran-C  system.  Loran-C  has  the 
problem  that it is  not  stable  enough  to  compare 
state-of-the-art  clocks  until  time  averages  of a 
couple  of  months  are  taken,  and  also  an  annual  term 
gives  an  additional  instability in this  technique. 
Figure 2 shows  a bar  graph  comparison  of  some 
satellite  techniques  that  have  been  studied - -  
compared  with  Loran-C.  The  Shuttle,  TDRSS,  and 
LASSO  experiments  have  no  near  term  experimental 
realization  and  though  hardware  has  been  bui It, 
there  are  some  uncertainties as to  whether  they 
will  be  conducted.[1,2,3,4,5] The  first  row in 
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t o   t h i s   p r o b l e m ,   h a s   b e e n   o f   t h e   o r d e r   o f  50 nano- 
seconds. [6 ]   Wi th  some recen t   work  [ 7 ]  t h e   e r r o r  
due t o  t h i s   p r o b l e m  has  been  pushed down t o   t h e  
o r d e r  o f  s i x  nanoseconds. 

The s h u t t l e   e x p e r i m e n t   c a l l e d  STIFT ( s h u t t l e  
t i m e   a n d   f r e q u e n c y   t r a n s f e r )   f e a t u r e s   t h r e e   t h i n g s  
[ I ? ] ;  f i r s t  a l a s e r  f o r  r a n g i n g  t o  t h e   s h u t t l e   f r o m  
t h e   g r o u n d   w i t h  an accuracy  o f  a f e w  c e n t i m e t e r s .  
Second i s   f e a t u r e d  a three  f requency  microwave 
techn ique  wh ich   accompl ishes  a D o p p l e r   c a n c e l l a t i o n  
and  a c a n c e l l a t i o n   o f   t h e   i o n o s p h e r i c   d e l a y .  
T h i r d ,   t h e   S h u t t l e  will c a r r y  an a c t i v e   h y d r o g e n  
m a s e r   c l o c k   w i t h   f r e a u e n c v   s t a b i l i t i e s  o f  t h e   o r d e r  
o f  one D a r t   i n  1014 and b e t t e r  f o r  samole  t imes 
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F i q u r e  3.  F r e q u e n c y   S t a b i l i t y   o f   3 - f r e q u e n c y  
F i g u r e  2. Time  and  Frequency  Transfer  Accuracy  microwave  (Vessot)   Doppler  cancel lat ion  system 
Comparison o f  some sate1 1 i t e  techniques  and  Loran-C.   compared  wi th   o ther   systems.  It i s  denoted  by  the 
The bo t tom o f  t h e   b a r   i n d i c a t e s   t h e   a c c u r a c y   o r   t h e  l/r dashed l i n e  marked "VESSOT microwave  system" 
s t a b i l i t y  as e x p l a i n e d   i n   t h e   t e x t .   a n d  "B = 10 Hz". 

t h i s   b a r   c h a r t   i l l u s t r a t e s   t h e  t i m e  t r a n s f e r   a c c u r a c y  
and s t a b i l i t y   o f   t h e s e   v a r i o u s   t e c h n i q u e s .  The 
b o t t o m   o f   t h e   d a s h e d   o r   s h a d e d   p a r t   o f   t h e   c u r v e   i s  
t h e  t i m e  s t a b i l i t y ;   t h e   b o t t o m  o f  t h e   s o l i d   p a r t  o f  
t h e   b a r   i s  t h e  t i m e  t r a n s f e r   a c c u r a c y ;  i . e . ,  t h e  
a b i l i t y   t o  m e a s u r e   t h e   a b s o l u t e   t i m e   d i f f e r e n c e  
between t w o  remote   po in ts .  The second  row i s   t h e  
f requency   t rans fe r   accu racy   ave raged   ove r  a 24-hour 1 N  
per iod .   The re  i s  a s p e c i a l   c a s e   f o r   t h e   s h u t t l e  
exper iment  (STIFT) which  may a l l ow   f requency   compar i -  
sons o f  a p a r t   i n  1OI6 accuracy .   Th is  will be 
e x p l a i n e d   l a t e r .  The t h i r d  row i s  a c o s t - e r r o r  at  2.2 GHz 
p r o d u c t   i n   m e g a d o l l a r - n a n o s e c o n d s .  The b o t t o m   o f   t h e  .g 
b a r   i s   t h e   e c o n o m i c - a c c u r a c y   e s t i m a t e .  A l ower  
number means l e s s   c o s t   f o r  more  accuracy. The bo t tom 
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U s i n g   t w o - w a y   s a t e l l i t e   t e c h n i q u e  [S] i n  a 
comparison  between  Boulder,  Colorado,  Ottawa,  Canada, 
Washington, DC and B r i t t a n y  (500 km f r o m   P a r i s ,  
F r a n c e )   t i m e   s t a b i l i t i e s  o f  a   f ew   ten ths   o f  a  nano- 
second   were   rea l i zed   and   i n  a  two-way  double  hop 
e x p e r i m e n t   b e t w e e n   B r i t t a n y   i n   E u r o p e   a n d   B o u l d e r   v i a  
NRC i n  Ottawa a t i m e   s t a b i  1 i t y  o f  6 nanoseconds was 
r e a l i z e d .  The accuracy  o f  t h i s  s y s t e m ,   i n t e r e s t i n g l y ,  
i s   n o t   l i m i t e d   b y   t h e   r e c i p r o c i t y   a s s u m p t i o n   f o r   t h e  
n e a r l y  80,000 km up  and down s i g n a l   p a t h   w h i c h  i s  
u s e d ,   b u t   b y   t h e   n o n - r e c i p r o c i t y  o f  t h e   t r a n s m i t t e r   F i g u r e  4. RMS t i m e   d e v i a t i o n   e r r o r  as  a f u n c t i o n  
a n d   r e c e i v e r   d e l a y s .  The a c c u r a c y   i n   t h e   p a s t ,  due o f  p r e d i c t i o n   i n t e r v a l   f o r   3 - f r e q u e n c y   m i c r o w a v e  

D o p p l e r   c a n c e l l a t i o n   s y s t e m   a n d   f o r  a hydrogen 
maser  compared t o  1 r a d i a n   a t  2.2 GHz. 
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conven ien t  t o  t h e   t r a c k i n g   a n d   o r b i t   t i m e s .   I n  
F i g u r e  3 t h e   s t a b i l i t y  o f  the  microwave  system i s  
shown w h i c h   t r a n s l a t e s   t o   a b o u t  one  picosecond 
phase s t a b i l i t y   i n   t h e   s h o r t   t e r m   ( d u r i n g  a s i n g l e  
t rack )   and   abou t  1 0  PS o v e r   a n   o r b i t   p e r i o d .   F i g u r e  
4 shows  a r m s  t i m e   e r r o r   a n a l y s i s   o f   t h e   s y s t e m .  
T h i s   f i g u r e  shows t h a t  it may b e   p o s s i b l e   t o  remove 
t h e   c y c l e   a m b i g u i t y   o f   t h e  2.2 GHz c a r r i e r .   I n   w h i c h  
case i f  t h i s   c o u l d   b e   m a i n t a i n e d   o v e r  one  day, t h i s  
w o u l d   t r a n s l a t e   t o   a b o u t  one p a r t   i n  10l6 f requency  
t r a n s f e r   a c c u r a c y .  

The GPS will f e a t u r e  an 18 s a t e l   l i t e   c o n s t e l -  
l a t i o n .   T h e r e   a r e   n o m i n a l l y   f o u r   d i f f e r e n t   t e c h n i q u e s  
f o r   u s i n g   t h e  GPS system as  shown i n   F i g u r e  5 .  One 
can  a lso   use  a c o m b i n a t i o n   o f   t h e  common-view  and t h e  
v i e w i n g   o f   s e v e r a l   s a t e l l i t e s   a n d   r e d u c e   t h e   s y s t e m  
measurement no ise   even  more   than  us ing  common-view 
a l o n e .   W i t h   t h i s   c o m b i n a t i o n   a p p r o a c h ,  a f e w  p a r t s  
i n  1014 have   been   ach ieved   f o r   samp le   t imes   o f  one 
day .   F igu re  6 g i v e s  some e s t i m a t e s ,   u s i n g   t h e  
common-view t e c h n i q u e ,   o f   t h e  rms  e r r o r s   i n   c o m p a r i n g  
t ime  be tween  two  remote   s i tes ,  A and B,  assuming  a 25 
nanosecond  ephemer is   er ror .  The s a t e l l i t e  i s  a t  an 
a l t i t u d e   o f  4 .2  e a r t h   r a d i i .  The  common-view t e c h -  
n i q u e   y i e l d s  a l a r g e  amount o f  common-mode e r r o r  
cance l l a t i on . [8 ]   Th i s   t echn ique   has   been   s tud ied  
be tween  the   Nava l   Observa tory   and NBS i n   B o u l d e r ,  CO. 
N i n e   p o r t a b l e   c l o c k   t r i p s   o v e r   t h e   c o u r s e   o f   a b o u t  
one y e a r   a g r e e d   w i t h   t h e  GPS i n  common-view t o   w i t h i n  
an rms  e r r o r   o f   t e n  nanoseconds.  Because o f   t h e   h i g h  
l a t i t u d e s   o f   m o s t   t i m i n g   c e n t e r s   a n d   b e c a u s e   o f   t h e  
63' i n c l   i n a t i o n   o f   t h e  GPS s a t e l l i t e   o r b i t s ,   v e r y  
good  common-view i s   a v a i l a b l e   b e t w e e n   m o s t   s i t e s  as 
can  be  seen i n   F i g u r e  6. The a n a l y s i s   i l l u s t r a t e d   i n  
F i g u r e  6 does n o t   c o n s i d e r   o t h e r   i m p o r t a n t   e r r o r  
sources,   such  as  the  ionosphere,   t roposphere  and 
m u l t i p a t h   d i s t o r t i o n .  Though t h e   i o n o s p h e r i c  model 
has  been  studied i n  a l o t   o f   d e t a i  1 o v e r   t h e   y e a r s ,  
t h e  model  elements  used i n   t h e  GPS a r e   o n l y   a b o u t  50% 
a c c u r a t e .   F o r t u n a t e l y ,   i n   t h e  common-view techn ique ,  
some s i g n i f i c a n t  common-mode i o n o s p h e r i c   e r r o r  
c a n c e l l a t i o n   c a n   b e   a c h i e v e d  --  t o   t h e   o r d e r   o f  a  few 
n a n o s e c o n d s .   D u r i n g   n i g h t t i m e   v i e w i n g ,   t h e   t o t a l  
d e l a y   f o r   t h e   n i g h t t i m e   s k y   a t  +40° l a t i t u d e   i s   o f  
t h e   o r d e r   o f  5 nanoseconds so even f o r   f a i r l y   l a r g e  
h o u r   a n g l e s   t h e   d i f f e r e n t i a l   d e l a y  may be s t a b l e   t o  
about  a   nanosecond .   The   t ropospher i c   de lay   f o r   h igh  
v i e w i n g   a n g l e s   i s   o n l y  a  few  nanoseconds a t   t h e  GPS 
f r e q u e n c i e s   a n d   c a n   b e   e s t i m a t e d   t o   t h e   o r d e r   o f  a 
nanosecond i f  d e s i r e d .  The e r r o r s  due t o  mu1 t i p a t h  
d i s t o r t i o n   c a n  amount t o  a  few  nanoseconds,  but  can 
n i c e l y   b e   d e a l t   w i t h   f r o m  a s t a b i l i t y   p o i n t  o f  v iew  
by  making  the  common-view  measurement  once  per 
s i d e r e a l  day i . e . ,   t h e   v i e w i n g   g e o m e t r y   f o r   t h e   t w o  
s i t e s  t o  t h e   s a t e l l i t e   s t a y   t h e  same. Rece ive rs   a re  
now b e i n g  made b y   s e v e r a l   d i f f e r e n t   o r g a n i z a t i o n s .  
We have b u i l t  some p r o t o t y p e   u n i t s   a t   t h e  NBS. One 
c a n   q u i t e   e c o n o m i c a l l y   b u i l d  a r e c e i v e r   w i t h  a long-  
t e r m   s t a b i l i t y   o f   a b o u t  1 ns w i t h  an  antenna  about 
t h e   s i z e   o f  a man's  thumb.  Depending  on  the  noise 
f i g u r e  a n d   c o n f i g u r a t i o n   o f   t h e   r e c e i v e r ' s   f r o n t   e n d  
s h o r t - t e r m   s t a b i l i t i e s  may va ry   f rom l ns t o   n e a r l y  
30 n s .   T h e i r   i n s t a b i l i t i e s   a r e   t y p i c a l l y   c h a r a c t e r i -  
zed  as  a wh i te   no i se   phase   modu la t i on   p rocess   hence  
the   va lues   a re   ameanab le   t o   ave rag ing ,   and   t he  
con f idence   on   t he  mean will improve as the   square  
r o o t  o f  t h e  number o f   v a l u e s .  The NBS p r o t o t y p e  
u n i t s   a r e   c o n f i g u r e d   w i t h  a v e r y   p o w e r f u l  and f r i e n d -  
l y   s o f t w a r e   s y s t e m   u s i n g  a 2-80 mic roprocessor   and a 
b u i l t - i n  0 . 1  ns r e s o l u t i o n   t i m e   i n t e r v a l   c o u n t e r .  
All t h a t   i s  n e e d e d   f r o m   t h e   l o c a l   s i t e   c l o c k   a r e  5 
MHz and 1 pps   s igna ls .  The r e c e i v e r   i s  RS-232 
c o m p a t i b l e   a n d   c o u p l e d   t o  a modem and  can  automat i -  
c a l l y  be d i a l e d   b y  a  computer -- making  computer 

F i q u r e  5 .  F o u r   d i f f e r e n t   m e t h o d s  o f  d o i n g   t i m e   t r a n s -  
f e r   u s i n g  GPS. 

U 

F i g u r e  6.  RMS e r r o r   e s t i m a t e s   t o  do t i m e   t r a n s f e r  
between  two s i t e s  A and B w i t h  an RMS GPS s a t e l  1 i t e  
e p h e m e r i s   e r r o r   o f  25 ns -- show ing   t he   advan tage   o f  
u s i n g  GPS i n  common-view.  The l o c a t i o n s   a r e :  NBS 
(Bou lde r ,  C O ) ;  USNO(Washington, DC); B I H ( P a r i s ,   F r a n c e ) ;  
PTB(Braunschweig, W .  Germany); RRL, TAD, and NRLM a r e  
near Tokyo, Japan;  and NPL(New D e l h i ,   I n d i a ) .  
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a n a l y s i s   v e r y   s t r a i g h t   f o r w a r d .   I n t e r n a t i o n a l l y ,   t h e  
Mark I11 computer  system i s   b e i n g   u s e d   f o r   c o m p a r i n g  
GPS common-view  data. 

The f r e q u e n c y   s t a b i l i t y   m e a s u r e d   b e t w e e n   t h e  
U.S .  Naval   Observatory   c lock  ensemble  and  the NBS 
c lock  ensemble i s  shown i n   F i g u r e  7. The s t a b i l i t y  
o f  the   d i f fe rence  be tween  these  two  ensembles  was 
measured a t   t h e  one o r  two i n  10lQ l e v e l   a t  sample 
t i m e s   o f   t h e   o r d e r   o f  a  week  and l o n g e r .  An assess- 
ment was  made o f  t h e  GPS i n  common-view  measurement 
1 imi t and it appears t o  be  about  1 p a r t   i n   a t  
one  day  and g o i n g  down  on  a Mod. U (T) p l o t  as w h i t e  
no i se   phase   modu la t i on  ( T - ~ / ~ ) .  ' I n   f a c t  we have  a 
d a t a   p o i n t   a t  3 . 5  x 10 a t  T = 10 days.   Th is  
s t a b i  1 i t y  va lue  was v e r i f i e d   o v e r   s e v e r a l   m o n t h s  o f  
da ta .  The NBS r e c e i v e r   s t a b i l i t y   a t  T = 1 day i s  8 
part.s i n  1015 -- m a k i n g   t h e   r e c e i v e r   n o i s e   n e g l i g i b l e  
f o r  a l m o s t   a l l   c l o c k s   f o r  T > 1 day. 

10-13 
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F i g u r e  7 .  Frequency s t a b i l i t y   c o m p a r i s o n s   u s i n g  Mod. 
U (I). The r-3/2 l i n e   c o r r e s p o n d s   t o   w h i t e   n o i s e  PM. 
TKe s - o - t - a   a r e   s t a t e - o f - t h e - a r t   f r e q u e n c y   s t a n d a r d s .  

Cons ide r  now a c o m b i n a t i o n   o f  common-view 
compar isons   employ ing   th ree  o r  more s a t e l l i t e s .  If 
t h e   t h r e e   s a t e l  1 i t e s ,   d e n o t e d  i , j ,  and  k ,   are 
a v a i l a b l e   t o  make independent  common-view 
measurements  between s i t e s  A and B ,  and t h e  
measurements  are made w i t h i n  a f e w  hours   o f   each  
o t h e r  so t h a t   t h e  random t ime   dev ia t i ons   be tween   the  
c l o c k s   a t  A and B a r e   s m a l l ,   t h e n  a v a r i a n c e   a n a l y s i s  
can   be   pe r fo rmed   on   t he   s ide rea l   da i l y  common-view 
values as f o l l o w s :   L e t  

where c12 denotes  the  measurement   var iance  f rom  the 
common- ts lw  da ta   t ime  ser ies ,   wh ich  i s  composed o f  
t h e   v a r i a n c e   o f   e a c h   o f   t h e   s i t e   c l o c k s   p l u s   t h e  
v a r i a n c e   o f  measurement f l u c t u a t i o n s   r e s u l t i n g   f r o m  
u s i n g  GPS s p a c e   v e h i c l e   i n  common-view.  Also,  assume 
o n   t h e   b a s i s   o f   t h e   s a t e l  1 i t e s   b e i n g   i n d e p e n d e n t   t h a t  

which  can  be  measured  by  tak ing a v a r i a n c e   o f   t h e  
d i f f e r e n c e   b e t w e e n   t h e  i and j measurements,  since 
the   measuremen ts   a re   t aken   a t   nomina l l y   t he  same 
t i m e .   P e r f o r m i n g   t h i s  same a n a l y s i s   o n   t h e  
d i f f e r e n c e   b e t w e e n   t h e  i and k and   the  j and k 
measurements  a l lows  the  computat ion,  

U2 = + 0 2  - 02 I ,  sv   sv .  i 1 j  1 k   s v j k  

wh ich   can   be   sub t rac ted  f r o m  e q u a t i o n  (1) y i e l d i n g  
an e s t i m a t e   o f  CJ* + uz w i t h   t h e   m e a s u r e m e n t   c o n t r i -  
b u t i o n   b e i n g   o n l y  a fgw p a r t s   i n  1014 a t  T = 1 day, 
and   improv ing  as U t .  

A 

I n   t h e   H a f e l e - K e a t i n g [ g ]   e x p e r i m e n t ,   p e r f o r m e d  
some y e a r s  ago w i t h  some c locks   f rom  the   Nava l  
O b s e r v a t o r y ,   t h e   c l o c k s   w e r e   f l o w n   i n   b o t h  
d i r e c t i o n s   a r o u n d   t h e   g l o b e   a n d   v e r i f i e d   t h e  Sagnac 
e f f e c t ,   s i n c e  a d i s p a r i t y   o f   a b o u t  200 nanoseconds 
was  observed. One can  do t h a t  same exper iment  now 
u s i n g   e i t h e r  GPS o r  o t h e r   s a t e l l i t e   t e c h n i q u e s  
u s i n g   t h e   p h o t o n   a s   t h e   p o r t a b l e   c l o c k .  The s i z e  
o f   t h e   e f f e c t   i s   p r o p o r t i o n a l   t o  a p r o j e c t e d   a r e a  
on t h e   e q u a t o r i a l   p l a n e  - -  t h e   a r e a   b e i n g   t h a t  made 
b y   t h e   c i r c u m n a v i g a t i n g   p h o t o n s .  The c o e f f i c i e n t  
o f   p r o p o r t i o n a l i t y  i s  1.6 ns/Mm2. F o r  GPS s i g n a l s  
g o i n g   a r o u n d   t h e   g l o b e   t h e  Sagnac e f f e c t  will be 
about  200 t o  300 nanoseconds  depending  on  the 
p a r t i c u l a r   g e o m e t r y .  We p l a n   t o  do t h i s   e x p e r i m e n t  
t h i s  summer and f a l l ,  as soon as we have  around- 
t h e -   g l o b e   c a p a b i l i t y .   T a b l e s  1 and 2 show t h e  
c h a r a c t e r i s t i c s   o f   m a j o r  t i m e  and  f requency   d issemi -  
na t i on   sys tems .   Tab le  1 shows t h e   o p e r a t i o n a l   t y p e  
o f  systems (VLF, LF a n d   h i g h   f r e q u e n c y   s t a t i o n s ,  
e t c ) .   T a b l e  2 shows e s t i m a t e s  o f  t h e   s t a t e - o f - t h e -  
a r t   s a t e l l i t e   t e c h n i q u e s   g i v i n g   t h e  t i m e  s t a b i l i t y  
a n d   f r e q u e n c y   s t a b i l i t y   a n d   a c c u r a c y   o f   e a c h   o f  
t h e s e   t e c h n i q u e s .   F i g u r e  8 i s   t h e  o (T) p l o t  
s h o w i n g   t h e   f r a c t i o n a l   f r e q u e n c y   s t a b i  1 it# o f   t h e s e  
v a r i o u s   o p e r a t i o n a l  and s t a t e - o f - t h e - a r t   s a t e l l i t e  
techn iques  as  a f u n c t i o n   o f   s a m p l e   t i m e .   C l e a r l y ,  
s a t e l l i t e   t e c h n i q u e s   f o r   t i m e   a n d   f r e q u e n c y   m e t r o l -  
ogy on  a n a t i o n a l   a n d   i n t e r n a t i o n a l   b a s i s   h a v e   b e e n  
and w i  l 1  be e x t r e m e l y   i m p o r t a n t   i n   k e e p i n g  up w i t h  
s t a t e - o f - t h e - a r t   t i m e   a n d   f r e q u e n c y   s t a n d a r d s  now 
and i n   t h e   f u t u r e .  

A T O M I C  FREOUENCY 

STANOAROS 

f i g u r e  8. Frequency s t a b i l i t y  o f  d i f f e r e n t   r e m o t e  
compar ison  techn iques .  The MF and HF n o t a t i o n s   a r e  
e.g., WWV, CHU, JJY; t h e  LF s t a t i o n s   a r e   e . g . ,  WWVB, 
MSF, DCF77. 
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T A E t E  1. C H A R A C T E R I S T I C S  O F  THE  MAJOR T&F D i S S E M I N A - I O N   S Y S T E M S  

D I S S E M I N A T I O N   T E C H N I Q U E S  

RAD 10 
V L F  

RAD IO 
L F  

HF /HF 
ELL l c 

V I S I O N  
T E L E -  

( i ' H F / S L i i  
R A D I O  ) 

S A T E L -  
L I T E  

RADI I " )  
( U Y F  

PGRTAE!E 
CLOCKS 

GB9,   NBA.   OMEGA,  
E T C .  

BROADCAST ( e . g . ,  W B  
STANDARD FREQUENCY 

LORAN-C 

EROADCPST ( e . g  , WV) 
STANDAQD FREQUENCY 

F A S S I V E   L I N E - l 0  

T R A Y S T 1  

P H ' r S I C A L  
T R A h S F E P  

24 HOUR 
ZATION SYNTONI- 

SYNCHRONI- COVERAGE 
FOR 

ZATION 
ACCURACV ACCURACY 

STATED A M B I G U I T Y  ACCUUCY 

1 x 1 0 - 1 1  I ENVELOPE 1 , CYCLE 1 NEARLY 
1 - 10 ms GLOBAL 

PHASE 24h 1 - 1 0  ms 
1 x 1 D - l '  I ENVELOPE 1 Y E A R  1 USA - L I M I T E G  

( W S )  

x 1 D - 1 2  S P E C I A L  TOC 15 M I N  l P S  (GND) 
50 P S  ( S K Y )  AREAS P H A S E   1 0  p s  

1 x 1 G - l '  1 1 p s  I C O V E R A G E  l 33 ms 1 NETWORK 

( l i n e  of [Useful o n l y  i r  
s i g h t )  

5 0 P S  

l o c a l   a r e a s  i n  
?A \ 
WESTERN 

Y E A R  HEMISPHEnE 
x , o - l G  1 3 0  P S  I 15  M I N S  . I GLOBAL I 

TABLE 2. INTERNATIONAL TIME AND FREQUENCY COMPARISON ( < c  1 PS) 

T / F  T r a n s f e r   S y n c h r o n i z a t i o n  Tirce 24 Hour 
~~ Accuracv   S tab i  1 i ty  S y n t o n i z a t i o n  Covfraae 

A c w a r v  
3- 

( 1 )  'GPS (Common-view) IO ns a few ns  4 10-1   G loba l  

( 2 )   S h u t t l e  (STIFT)  1 ns 0.001  ns : 10-l" To t 5 7 "  L a t i t u d e  

( 3 )  GOES ( T r i l a t e r a t i o n )   1 0  a  few  ns All b u t   n e a r   t h e   p o l e s  

( 4 )  LASSO 1 ns 0.1   ns  l o - ' "  Depends  on Imp lemen ta t i on  

( 5 )  TGPS 40 nsf 10  ns Q 3 X 10-13  Global  

(6)  '2-Way (Communica- < l 0  ns 1 ns  % 

t i o n   S a t e l l i t e )  
All b u t   n e a r   t h e   p o l e s  

( 7 )  'Por tab le   C lock  10 ns t o  100 ns N/A ; 1 0 - l 2   G l o b a l   ( B e s t   a c c u r a c y   w i t h i n  
r e a s o n a b l e   d r i v i n g   v i c i n i t y  
o f  Air P o r t s )  

500 ns 40 ns  : 1 0 - l 2   E x c l u d e s   m o s t  o f  As ia  and 
Southern  Hemisphere 

* T h i s   i n a c c u r a c y  may i n c r e a s e  i f  the  GPS C/A  code i s   d e t e r i o r a t e d   f o r   s t r a t e g i c   r e a s o n s .  

'These techniques  have  been  demonstrated. 
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